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H.  A.  Washburn,  J.  R.  Sites,  and  H.  H.  Wieder 

Department  of  Physics 

Colorado  State  University 

Fort  Collins,  Colorado,  80523 

ABSTRACT 

The  electron  density  and  mobility  of  VPE  grown  15  pm  n-type 
indium  arsenide  epilayers  have  been  determined  as  a function  of  distance 
from  the  gallium  arsenide  substrate.  Both  epilayer  surfaces  show 
significant  increases  in  density  and  decreases  in  mobility  from  the 
bulk  values  (10^-10^cm  ^ and  10^cm^/V-sec  at  77°K).  The  inter- 
facial, or  back,  surface  is  apparently  dominated  by  defects  to  a 

depth  of  about  3 pm.  The  density  and  mobility  profiles  are 

13  -2 

roughly  exponential;  integrated  values  are  1.6  * 10  cm  and 
3 2 

2 x 10  cm  /V-sec.  The  front  surface,  highly  dependent  on  applied 

12  -2 

gate  bias,  has  a density  range  in  accumulation  from  0 to  5 x 10  cm 

4 3 2 

and  mobility  from  2.5  * 10  to  3 * 10  cm  /V-sec.  The  parameters 
for  both  surfaces  are  essentially  temperature  independent  below 
80°K.  The  front  surface  effective  mass  increases  with  electron 


I 


density  from  its  band  edge  value  of  0.0215  me  to  nearly  0.06  m£. 

* 

Present  address:  Intel  Magnetics,  Santa  Clara,  CA,  95051 

Permanent  address:  Electronic  Materials  Sciences  Div.,  NOSC,  San 

Diego,  CA,  92152 


I.  INTRODUCTION 


Many  semiconductor  applications  utilize  a conductive  epitaxial  layer 
deposited  on  a high  resistance  substrate.  In  general  the  electronic  depth 
profile  of  such  an  epilayer  is  not  homogeneous,  and  it  may  be  misleading 
to  characterize  the  layer  with  average  electronic  parameters  such  as  carrier 
density,  mobility,  and  effective  mass.  Furthermore,  when  one  has  hetero- 
epitaxy, different  materials  for  the  substrate  and  epilayers,  there  are 
additional  complications  due  to  inhomogeneities  in  composition  and  defect 
density  at  the  interface.  Finally,  when  the  epitaxial  layer  consists  of  a 
high  mobility,  low  effective  mass  material,  it  may  well  be  necessary  to 
evaluate  the  effects  of  quantization  of  the  surface  carriers. 

The  purpose  of  this  paper  is  to  evaluate  the  inhomogeneities  normal 
to  the  surface  of  high  mobility  n-type  indium  arsenide  layers  grown  on 
semi-insulating  gallium  arsenide  substrates.  Through  a variety  of  measure- 
ments, primarily  electrical  and  galvanomagnetic,  we  have  been  able  to 
obtain  (1)  a profile  of  the  electron  density  and  mobility  at  the  epilayer- 
substrate  interface,  (2)  the  bulk-like  properties  of  the  main  portion  of 
the  epilayer,  and  (3)  the  density,  mobility,  effective  mass,  and  quantiza- 
tion effects  of  electrons  in  the  surface  accumulation  layer. 

II.  SAMPLE  PREPARATION 

InAs  epilayers  were  deposited  on  <100>-oriented  semi-insulating  GaAs 

substrates  by  means  of  an  open-tube  chemical  vapor  phase  disproportionation 
1-3 

process.  Gaseous  AsH^,  HCi  and  Hj  were  transported  at  essentially  con- 
stant (slightly  larger  than  atmospheric)  pressure  along  a quartz  reaction 
chamber  placed  within  a three  zone  temperature  controlled  furnace.  Inside 
the  chamber,  the  indium  source  material,  present  in  the  high  temperature 
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zone,  reacts  with  HCH.  The  gaseous  reaction  products  are  transported 
through  the  second  intermediate  temperature  zone  to  the  low  temperature 
zone  where  they  disproportionate  and  are  deposited  in  the  form  of  a single 
crystal  InAs  layer  upon  the  GaAs  substrates. 

The  lattice  constant  mismatch  and  the  difference  in  the  thermal 
expansion  coefficients  of  InAs  and  GaAs  prevent  the  outright  deposition 
and  growth  of  high  quality  epilayers.  For  this  reason,  a compos it ionally 
graded  ternary  In^Ga^  ^As  intermediate  layer  is  grown  upon  the  substrate 
with  the  grading  adjusted  to  provide  an  appropriate  match  to  GaAs  at  one 
face  and  to  InAs  at  the  other.  This  compositional  grading  can  relieve 
much  of  the  strain  associated  with  the  interfacial  mismatch.  InAs  epi- 
layers of  thickness  d > 10  pm  grown  in  this  manner  have  a relatively  low 
defect  density,  a low  residual  impurity  density,  and  a bulk  mobility  which 
approaches  theoretically  calculated  values,  based  on  scattering  from  ionized 
impurities  and  longitudinal  optical  phonons.  Since  the  compositionally 
graded  region  perturbs  electrical  and  galvanomagnetic  measurements,  it 
is  desirable  to  keep  the  thickness  of  the  compositionally  graded  region 
as  small  as  practical  without  sacrificing  the  crystalline  perfection. 
Fortunately  this  can  be  done  by  means  of  relatively  simple  empirical 
procedures  which  require  an  appropriate  choice  of  the  temperature  of  each 
reactor  zone,  the  temperature  gradients  between  them,  the  partial  pressures 
of  the  constituents  and  the  gas  flow  rates.  In  this  manner  the  thickness 
of  the  interfacial  region  can  be  kept  to  the  order  of  or  less  than  1 pm. 

The  samples  described  below  were  grown  to  thicknesses  in  the  range 
between  10  and  15  pm.  The  metal- insulator-semiconductor  (MIS)  structures  shown 
in  Figs,  la  and  lb  were  made  by  photolithographic  procedures;  undesired 
portions  of  the  InAs  epilayers  were  removed  by  etching  while  retaining  the 
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portions  protected  by  photoresist.  An  SiC^  insulating  layer  ('v  0.15  ym 

thick) , was  deposited  by  the  low  temperature  pyrolisis  of  silane  on  the 

clean  InAs  surfaces.  Finally,  Ni  gate  electrodes  (shaded  area  of  Fig.  la 

2 

and  b,  typically  3 to  10  mm  ) were  deposited  and  leads  attached  to  the 
electrodes. 

The  cross-sections  of  the  complete  devices  are  shown  in  Fig.  lc 
which  also  shows  schematically  three  regions  of  the  epilayer:  Surface  1 is 
a region  characterized  by  electron  accumulation;  the  bulk  region  is  char- 
acterized by  properties  very  similar  to  those  of  bulk  single  crystal  n-type 
InAs;  surface  2 is  the  interfacial  region  adjacent  to  the  semi-insulating 
GaAs  substrate. 

III.  MEASUREMENT 

For  most  of  the  electronic  measurements  described  in  this  paper  the 
indium  arsenide  MIS  structures  were  mounted  in  the  variable  temperature 
bore  of  a superconducting  magnet.  The  sample  temperature  could  be  varied 
from  1.6  to  400°K  and  the  transverse  magnetic  field  from  0 to  6 tesla.  The 
apparatus  used  for  dc  conductivity  and  Hall  measurements  is  shown  sche- 
matically in  Figure  2a.  For  clarity  only  two  switch  positions  are  shown, 
the  other  two  switch  positions  are  used  for  permutations  of  contacts.  The 
currents  used  were  0.1  or  1.0  ma;  these  currents  do  not  produce  any  signi- 
ficant Joule  heating  of  the  sample.  For  some  measurements,  particularly 
those  involving  the  thickness  dependence  of  the  electrical  and  galvano- 
magnetlc  properties  of  the  epilayers,  the  gate  contact  was  omitted. 


The  ac,  or  differential,  node  used  in  several  measurements  has  the 
same  basic  circuit  with  a small  ac  voltage  added  to  the  gate  bias  V.  In 
this  case,  as  shown  in  Fig.  2b,  the  digital  voltmeter  is  replaced  by  a 


lock-in  amplifier  referenced  to  the  ac  component  of  the  gate  bias.  Capaci- 
tance measurements  were  made  using  a bias  voltage  and  a 1 MHz  Boonton 
capacitance  meter  between  the  gate  and  the  InAs  contacts. 

IV.  RESULTS 

A.  Interfacial  Region 

One  of  the  experimental  procedures  used  was  to  determine  the  conductivity 

and  the  Hall  coefficient  of  a layer  as  it  was  successively  thinned  by  low 

energy  (500  eV)  argon  ion  beam  sputtering  from  15  microns  to  zero.  The 

results  thus  obtained  are  in  general  agreement  with  those  from  epilayers 
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having  a variety  of  thicknesses.  The  thickness  reduction  technique  appears 
to  be  quite  reliable.  Using  a scanning  electron  microscope,  it  is  quite 
obvious  (Fig.  3)  when  the  indium  arsenide  (texture  on  right  side)  is  etched 
through  to  the  gallium  arsenide  (left  hand  texture) . The  initial  layer  and 
the  sputtering  process  were  found  to  be  sufficiently  uniform  that  the  entire 
area  is  etched  through  between  two  examinations  separated  by  1/2  ym.  Further- 
more, the  vertical  dimension  of  the  InAs  surface  texturing  is  seen  to  be 
less  than  this  value. 

The  measured  values  of  conductivity  oq  and  Hall  coefficient  Rq  are 
shown  in  Figure  4 as  a function  of  remaining  InAs  thickness.  The  measure- 
ments were  made  at  77  K in  low  magnetic  fields.  These  results  may  be 
interpreted  analytically  by  expressing  the  electron  concentration  n(z)  and 
mobility  y(z)  as  continuous  functions  of  the  direction  z normal  to  the 
interface.  The  effective,  or  measured, value  of  conducticity  is 

d 

oq  = ^ f n(z)y (z)dz  , (1) 

o 

and  the  Hall  coefficient  in  the  weak  magnetic  field  approximation  is 
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R 

o 


d 


n(z)y  (z)dz 


(2) 


where  d is  the  thickness  of  the  layer. 

One  can  now  take  differences  between  measured  values  of  a and  R 

o o 

to  determine  n and  y as  a function  of  distance  from  the  substrate: 


i A<° 

n(z)y(z)  = t"7 — (3) 

e Ad 

, ! A(R  0 2d) 

n(z)w  (z)  = i ^ , (4) 

The  values  of  n and  y extracted  in  this  manner  are  shown  in  Figure  5. 

Note  that  this  procedure  basically  consists  of  measuring  the  electronic 
properties  of  the  portion  of  the  epilayer  removed  by  each  successive  milling 
step.  These  are  independent  of  the  front  surface  parameters,  assuming  the 
front  surface  is  identical  following  each  milling  increment. 

The  behavior  of  carrier  concentration  and  mobility  in  Figure  5 is 
consistent  with  the  model  of  Baliga  and  Ghandi^  in  which  the  defect  forma- 
tion at  the  interface  leads  to  a carrier  density  which  decreases  exponentially 
as  one  moves  away  from  the  interface.  The  corresponding  mobility  is  likely 
to  be  dominated  by  defect  scattering  and  to  first  order  is  inversely  pro- 
portional to  n.  The  characteristic  distance  for  our  InAs  samples  is  seen 
from  Figure  5 to  be  about  one  ym,  and  at  5 ym  and  above,  the  layer  is 
essentially  bulk-like.  The  bulk  values  for  this  epilayer  shown  are  some- 
what  inferior  (y  = 3.5  » 10  cm  /V-sec;  n = 9 x 10A  cm  J)  to  those  of  other 
samples  investigated. 

The  metallurgical  profile  of  the  GaAs/InAs  interface,  as  revealed  by 
Auger  measurements  on  the  sample  used  for  the  thickness  dependence  study,  is 
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also  shown  in  Figure  5.  The  much  sharper  transition  from  gallium  to  indium 

O 

dominance  (less  than  1000  A)  is  consistent  with  what  one  would  expect  from 
vapor  phase  growth  and  the  abrupt  change  in  texture  mentioned  above. 

B.  Front  Surface  Region 

The  surface  of  InAs  is  known  to  pin  the  Fermi  level  approximately  50 

meV  above  the  conduction  band  minimum. ^ Thus,  n-type  material  has  a 

heavily  accumulated  surface  under  zero  bias.  Schwartz,  et  al.^  showed 

that  at  77°K,  a high  negative  bias  would  bring  the  surface  into  deep  deple- 

11  -2 

tion,  and  they  calculated  a surface  state  density  of  2.8  x 10  cm  and  a 
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fixed  oxide  charge  of  +1.5  x 10  cm  . Further  measurements  made  by 

g 

Wilmsen,  et  al.  are  in  qualitative  agreement. 

We  have  measured  the  gate  voltage  dependence  of  the  conductivity  and 

Hall  coefficient  of  MIS  InAs  structures.  The  samples  used  were  from  a 

different  growth  run  than  those  that  were  milled  away  in  Section  IV. A. 

15  -3 

They  had  an  average  electron  concentration  of  1.3  x 10  cm  and  mobility 
of  1.4  x 10^cm/V-sec  at  77°K  prior  to  the  fabrication  of  the  MIS  structure. 

The  values  of  the  total  surface  electron  density  <Ng>  and  average 
surface  mobility  <yg>,  combining  the  effects  of  the  two  surfaces,  are  ex- 
tracted from  the  77°K  galvanoraagnetic  measurements  and  are  shown  in  Fig.  6a. 

9 10 

The  analysis  procedure,  which  has  been  described  previously,  ’ is  to  divide 

the  epilayer  arbitrarily  into  a bulk-like  and  a surface-like  region.  The 

flat  parts  of  the  Fig.  6a  curves  at  large  negative  bias  are  interpreted  as 

the  depletion  region  where  the  front  surface  carrier  transport  is  the  same 

as  that  in  the  bulk,  and  the  values  of  <N  > and  <p  > are  to  be  associated 

s s 

with  Surface  2,  or  the  interfacial  region.  This  interpretation  is  supported 
by  the  capacitance  data  shown  in  Fig.  6b  where  flat  band  is  seen  to  coincide 
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with  the  kinks  in  Fig.  6a.  The  value  of  the  surface  electron  density  when 
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the  front  surface  is  in  depletion  is  found  to  be  1.6  * 10  cm  and  agrees 

well  with  the  integration  of  the  interfacial  density  n(z)  taken  from  the 

sample  shown  in  Fig.  5a.  The  surface  mobility  with  the  front  surface  at 
2 

flatband  is  2400  cm  /V-sec  and  is  consistent  with  the  average  value  of  5b, 
as  weighted  by  the  carrier  density. 

When  the  gate  voltage  is  varied  so  that  the  front  surface  becomes 
accumulated,  the  total  surface  density  increases.  This  increase,  inter- 
preted as  the  front  surface  density,  Ng^,  is  shown  in  Fig.  6c.  Extraction 
of  the  front  surface  mobility  is  somewhat  more  involved,1^*  but  leads  with 
semi-quantitative  reliability  to  the  values  of  p also  shown  in  Fig.  6c. 

The  surface  mobility  becomes  quite  large  as  the  sample  approaches  flat  band, 
achieving  perhaps  the  bulk  values  but  in  any  case  larger  than  that  reported 
in  inversion  layers.11  For  stronger  accumulation,  the  surface  mobility  falls 
monotonically.  The  dashed  curve,  shown  for  comparison,  is  based  on  a simple 

calculation  based  on  diffuse  surface  scattering  using  a square  well  surface 
12 

potential.  It  is  not  clear  whether  the  difference  in  magnitude  is  due 
to  a form  of  screening,  to  a certain  amount  of  specular  reflection,  or  to 
the  magnitude  of  the  surface  potential  used. 

The  following  qualitative  interpretation  is  proposed  for  the  average 
surface  mobility  of  6a.  In  depletion,  it  is  simply  that  of  the  interfacial 
layer.  As  the  front  surface  begins  to  be  accumulated,  however,  its  higher 
mobility  electrons  are  added  to  the  average  electron  density  in  increasing 
numbers,  and  the  average  surface  mobility  goes  up.  In  strong  accumulation, 
though,  the  front  surface  mobility  has  decreased  substantially,  probably 
due  to  surface  scattering,  and  thus  the  average  surface  mobility  goes  back  down. 


The  values  of  surface  potential  shown  in  Fig.  6d  are  tenuous  at  best. 
Since  the  Fermi  level  is  strongly  pinned  in  InAs,  it  is  difficult  to  extract 
the  surface  potential  from  either  the  quasistatic  or  high  frequency  C - V 
curve.  Our  simplified  approach,  therefore,  was  to  take  the  front  surface 
density  from  Fig.  6c,  estimate  the  density  of  states  and  the  shape  of  the 
well,  and  calculate  how  deep  the  well  must  be  to  accommodate  all  the  states. 
Each  step  involves  a potential  error,  but  the  nearly  linear  dependence 
of  the  result  is  considered  correct. 

The  procedures  described  above  to  obtain  the  77°K  data  were  also 
followed  for  several  other  temperatures,  and  the  results  allowed  extraction 
of  the  temperature  dependence  of  the  surface  parameters.  Figure  7a  shows 
the  electron  density  values  for  the  front  surface  in  strong  accumulation 
(V  = 35  volts),  for  the  bulk  of  the  epilayer  and  for  the  back  surface. 

(j 

Figure  7b  shows  the  corresponding  mobility  values.  Again,  the  analysis 

described  in  Ref.  10  was  used.  To  first  order  all  three  density  curves 

are  constant  with  temperature.  If  the  front  surface  density  for  other  gate 

voltages  were  plotted,  then  the  curve  would  simply  be  decreased  to 

lower  magnitudes.  In  all  cases,  however,  it  is  substantially  lower  than 

the  back  surface  density.  In  the  case  of  the  mobilities  also,  both  surface 

values  are  nearly  constant.  The  effect  of  lower  gate  voltages  here  is  to 

raise  the  front  surface  curve  in  magnitude.  This  temperature  independence 

of  the  surface  mobilities  contrasts  sharply  with  that  of  the  bulk  mobility, 

which  exhibits  a strong  temperature  dependence,  attributed  to  ionized  im- 

9 

purity  scattering  in  this  temperature  range. 

C.  Surface  Quantization 

At  low  temperatures,  electrons  in  the  accumulated  front  surface  of  an 
InAs  epilayer  are  found  in  discrete  subbands  of  the  conduction  band.  Ex- 
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perimentally , this  effect  leads  to  Shubnikov-de  Haas  oscillations  in  the 

13  14 

conductivity  as  a function  of  the  magnetic  field  or  gate  voltage.  ’ 

The  period  of  the  oscillations  is  related  to  the  electron  density  of  a 
subband,  and  the  temperature  dependence  of  the  amplitude  to  the  electron 
effective  mass.  One  can  also  deduce  electron  scattering  times  from  the 
magnetic  field  dependence  of  the  oscillation  amplitudes.^ 

The  Shubnikov-de  Haas  oscillations  can  be  seen  in  the  dc  measurements 
using  the  circuit  shown  in  Fig.  2a,  but  the  amplitudes  are  not  large  enough 
for  accurate  analysis.  A differential  technique  was  used,  therefore,  in 
which  the  gate  voltage  was  modulated  slightly,  and  the  resulting  modulation 
in  voltage  across  the  sample  detected  with  a lock-in  amplifier.  Two  InAs 
samples  were  studied  extensively,  one  of  them  being  the  same  as  used  in 
the  previous  section. 

The  output  of  the  lock-in  amplifier  yields  curves  such  as  those 
depicted  in  Fig.  8.  In  general,  the  ground  state  subband  is  dominant  at 
gate  voltages  near  flat  band  and  at  high  magnetic  fields.  It  leads  to  the 
peaks  labeled  0,  while  the  first  and  second  excited  state  subbands  produce 
the  peaks  labeled  1 and  2,  respectively.  Often  there  is  a mixing  of  oscilla- 
tions from  more  than  one  subband  as  shown  in  the  same  figure.  At  gate  voltages 
below  flat  band,  the  oscillations  disappear.  For  comparison,  the  capacitance 
curve  also  is  shown,  demonstrating  that  the  onset  .of  oscillations  does  indeed 
occur  at  flat  band.  As  the  temperature  is  increased  these  oscillations  vanish. 

For  analysis,  the  conductivity  oscillations  are  generally  plotted  against 
magnetic  field  and  the  period  in  inverse  field  calculated.  The  density  of 
the  subband  Ng^(i)  can  now  be  extracted  from 
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where  i is  0,  1,  or  2,  and  the  field  B is  in  tesla.  These  surface 
electron  densities  are  shown  in  Fig.  9,  and  they  show  an  increase  in  density 
with  gate  voltage  as  expected.  Each  higher  subband  appears  at  successively 
higher  gate  voltages  and  suggests  that  still  higher  energy  subbands  might 
appear,  if  the  experiment  were  pursued  to  higher  voltages  and  deeper  wells. 

The  temperature  dependence  of  ground  state  oscillations  at  three  gate 
voltages  are  shown  in  Fig.  10.  From  this  data,  it  is  possible  to  calculate 
the  effective  mass  for  carriers  in  the  surface  potential  well  using  the 
theoretical  dependence*'*’ 


2Tr2kT/fiw 

Amplitude  'v  , 

sinh(2ir  kT/fiu.) 


(6) 


where  = eB/m*.  The  solid  curves  in  Fig.  10,  for  example  were  calculated 
from  Eq.  6 with  m*/me  = .02,  .04  and  .06. 

In  practice,  some  corrections  must  be  made  to  the  data  because  there 
is  a temperature  dependence  of  the  scattering  times'*-2  and  because  the 
accumulation  layer  is  in  electrical  contact  with  the  remainder  of  the 
epilayers.  We  assume,  however,  that  since  the  front  surface  mobility  shown 
in  Fig.  7 is  essentially  temperature  independent,  the  lifetimes  are  very 
nearly  constant. 

The  weighting  of  the  quantum  oscillations  by  the  rest  of  the  epilayer 
was  determined  using  the  analysis  of  the  last  section,  as  elaborated  in 
Ref.  10.  The  effect  is  found  to  be  a function  of  gate  voltage,  magnetic 
field  and  temperature.  For  a given  oscillation  peak  at  constant  magnetic 
field,  however,  only  the  temperature  dependence  of  the  bulk  mobility  shown 
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in  Fig.  7 is  a factor.  For  the  ground  state  oscillation  at  six  tesla,  the 

bulk  layer  shunting  resulted  in  a maximum  correction  to  the  calculated 

effective  masses  of  20%.  The  resulting  values  are  plotted  in  Fig.  11. 

The  effective  masses  exhibit  a monotonic  increase  with  density,  some- 

18 

what  more  dramatic  than  that  observed  in  silicon.  Such  behavior  can  be 

19 

explained  with  the  Kane  model  for  non-parabolic  bands,  and  the  resulting 

20 

alteration  of  the  dispersion  relation  produced  by  the  surface  potential. 

The  solid  curve  in  Fig.  11  was  calculated  from  the  dispersion  relation  in 

21 

Ref.  20  using  an  exponential  approximation  to  the  surface  potential  well. 

The  experimental  values  are  in  reasonable  agreement. 

Also  shown  in  Fig.  11  are  effective  masses  calculated  for  the  first 

and  second  excited  subbands  using  data  taken  at  2.0  and  0.5  tesla,  respectively. 

At  these  lower  fields,  the  effect  of  the  bulk  layer  shunting  is  greater,  and 

the  corrections  can  increase  the  effective  masses  by  as  much  as  50%.  Although 

these  values  are  considered  less  reliable,  they  also  exhibit  increases  with 

density  of  carriers  in  the  respective  subbands.  The  increase  of  excited 

20 

subband  effective  mass  is  predicted  to  be  greater  than  that  for  the  ground 
state,  but  we  do  not  have  sufficient  sensitivity  to  make  such  a contrast. 

V.  CONCLUSIONS 

Careful  attention  must  be  given  to  the  effects  of  both  surfaces  of  InAs 
epilayers  in  the  evaluation  of  electrical  and  galvanomagnetic  measurements. 
Electron  mobilities  can  easily  be  over  an  order  of  magnitude  less  than  those 
in  the  bulk.  Furthermore,  since  the  interfacial  region  between  an  epilayer 
and  its  GaAs  substrate  shows  electronic  inhomogeneities  that  extend  for  a 
few  microns,  it  may  not  be  possible  to  utilize  extremely  thin  layers  of  this 
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type.  In  fact,  if  there  is  a lattice  mismatch  in  epitaxial  growth,  the 
result  is  a defect  dominated  layer  whose  thickness  is  a function  of  the  mis- 
match and  the  compositional  grading. 

The  zero  bias  front  surface  mobility  of  InAs  is  also  substantially 
reduced  from  that  of  the  bulk,  and  it  seems  to  be  quite  temperature  in- 
dependent at  temperatures  below  that  of  liquid  nitrogen.  It  does  change 
considerably,  however,  when  the  surface  potential  is  varied,  extrapolating 
to  near  bulk  values  at  flat  band.  The  effective  mass  of  the  front  surface 
electrons  is  also  subject  to  large  changes  as  the  surface  potential  is 
varied;  it  may  increase  as  much  as  a factor  of  three  above  its  band  edge 
value. 
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FIGURE  CAPTIONS 


Figure  1. 


Figure  2. 


Figure  3. 


Figure  4. 


Figure  5. 


Figure  6. 


Figure  7. 


Figure  8. 


Figure  9. 
Figure  10. 


Figure  11. 


(a)  Sample  configuration  refered  to  as  the  cloverleaf. 

(b)  Bridge  shaped  sample  configuration. 

(c)  Cross  section  of  InAs  MOS  structure. 

Schematic  of  the  circuitry  used  for  resistivity  and  Hall 
coefficient  measurements  (a)  dc  (b)  differential. 

SEM  photograph  showing  contrast  in  texture  between  indium 
arsenide  (right)  and  gallium  arsenide  (left)  when  both  are 
exposed  to  500  eV  ion  milling.  Region  shown  is  60  by  80  pm. 

Measured  values  of  conductivity  (a)  and  Hall  coefficient 
(b)  as  a function  of  thickness  of  the  etched  InAs.  Sample 
A. 


Profile  of  carrier  density  (a),  mobility  (b) , and  metallur- 
gical composition  (c)  in  the  vicinity  of  the  GaAs/InAs 
interface.  Sample  A. 

Cate  voltage  dependence  of  (a)  total  surface  electron  density 
and  effective  mobility.  (b)  Capacitance  at  1 MHz.  (c)  Front 
surface  electron  density  and  mobility.  Dashed  line  is  calcu- 
lated mobility.  (d)  Front  surface  potential.  Sample  B. 

Temperature  dependence  of  (a)  electron  density,  (b)  mobility, 
of  each  of  the  three  InAs  regions.  Sample  B. 

Shubnikov-de  Haas  oscillations  as  a function  oi  gate  voltage 
for  four  magnetic  fields.  Oscillations  are  associated  with 
the  ground  state  (0),  first  (1),  and  second  (2)  excited 
subbands.  Also  shown  for  the  flat  band  reference  is  the  4°K 
capacitance  curve.  Sample  B. 

Subband  densities  as  a function  of  gate  voltage. 

Temperature  dependence  of  oscillation  amplitudes  for  three 
gate  voltages.  Sample  B.  Solid  lines  are  theoretical 
curves  for  three  effective  masses. 

Effective  masses  of  the  ground  state  (0),  first  excited  (d)  , 
and  second  excited  (A)  subbands  as  functions  of  their 
respective  densities.  Solid  line  is  calculation. 
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